The redox chemistry of sanazole, an efficient hypoxic cell radiosensitizer, generally referred to as AK-2123, was studied by pulse radiolysis with e aq -, CO 2 -.
INTRODUCTION
Radiotherapy is widely used to combat many cancers. It is known that cells in hypoxic regions of solid tumors are resistant to the effects of ionizing radiation. This is due to a lack of molecular oxygen, which can oxidize and fix free-radical damage in the cellular target material. Because many electron-affinic nitroheterocycles can mimic oxygen, they are effective radiosensitizers of hypoxic cells [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The efficiency of a compound to radiosensitize hypoxic cells depends upon its ability to behave as a one-electron oxidant [3] [4] [5] [6] [7] [8] [9] [10] [11] . Thus, the radiosensitizing efficiency of an electron-affinic compound towards hypoxic cells, both in vivo and in vitro, depends on its one-electron redox potential [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Although nitrofurans and metronidazole were the first hypoxic cell radiosensitizers [13] [14] [15] to be investigated, the results were disappointing due to the inherent neurological toxicity of the compound. The neurotoxic properties of misonidazole and other nitroimidazoles are directly related to the lipophilic properties of the compounds 11) . Thus, the dose-limiting side effects of the nitroimidazole have restricted their use in the clinic and lead to a search for compounds 16, 17) with a similar sensitizing ability and lower toxicity, or with an enhanced sensitizing ability so that it could translate into lower clinical doses with a concomitant reduction of toxic side effects. Hence, many drugs were subsequently designed by judicious tailoring of the substituents on an electron-affinic nitro hetero arene ring. The designed drugs are supposed to be less neurotoxic because of being highly polar, and therefore less able to cross the blood-brain barrier 11, 12) . Among the various nitroheterocyclic hypoxic cell radiosensitizers, sanazole [(N-2'-(methoxy ethyl)-2-(3'-nitro-1'-triazolyl)acetamide], commonly referred to as AK-2123 (scheme 1), has been shown to have selective toxicity for hypoxic cells 1, 2) . It has less toxicity compared to other nitroimidazoles and is currently undergoing phase-III clinical trials. It was found to induce vasoconstriction, leading to hypoxia 18) . In continuation of our interest in drugs carrying nitro groups 19) and considering the importance of AK-2123, we have investigated the transient behavior and various redox reactions occuring in irradiated AK-2123 solutions by a pulse radiolysis technique. In addition, cellular radiosensitization studies by AK-2123 are presented. The one-electron redox potential for the couple AK-2123/AK-2123 -.
at neutral pH was determined. The thus-obtained results were used for a comparison and an analysis in the present study.
Scheme 1
MATERIALS AND METHODS
All of the chemicals and reagents were of AR or GR grade. Spectro-grade 2-propanol and tert-butanol were used. Iolar-grade (purity >99%) gases (N 2 or N 2 O) were used for purging the solutions. Methyl viologen (MV 2+ ) and thymine were obtained from Aldrich. All solutions were prepared in 0.001 mol dm -3 phosphate buffer, pH 7 (equimolar mixtures of ) was used for making the solutions. The UV-VIS ground-state absorpion spectra were measured with a Hitachi (model -330) spectrophotometer.
Bacterial strain and culture conditions
Escherichia coli AB1157 cells from a single colony were grown in a Luria broth at 37°C overnight. A Luria broth with 1.5% agar was used as a solid medium for plating the bacteria for survival studies.
Thiol depletion in bacterial cells
After bacterial cells from overnight cultures were harvested, the medium washed off with a sterile buffer (0.067 mol dm -3 phosphate) and resuspended in the buffer at a density of (1.0 -3.0) × 10 8 cells/ml. Cells were depleted of the intracellular non-protein thiols by treating with NEM at a concentration of 1.0 × 10 -4 mol dm -3 in 0.067 mol dm -3 phosphate buffer for one hour at 0°C. The possibility of a NEM reaction with several other thiols in proteins cannot be completely neglected. After one hour, cells were centrifuged out and washed with 0.067 mol dm -3 phosphate buffer to remove NEM and suspended in the same buffer.
Radiolytic procedures
The bacterial cell suspensions with and without the NEM treatment were exposed to various doses of 60 Co γ-rays at 0°C under a nitrogen atmosphere with a dose rate of 16 Gy min It is important to mention here that several of the early compounds that showed hypoxic radiosensitization in bacterial cells never exhibited effectiveness in human tumor cells 20) . Hence, though the use of bacterial cells for mechanistic studies of sensitization by clinical drugs is not the best choice, it can nevertheless provide some basic information required for carrying out further studies.
Pulse radiolysis studies were carried out by irradiating solutions in rectangular quartz cells. The pulse radiolysis set-up consists of an electron linear accelerator (Viritech Ltd. England) capable of giving single pulses of 7 MeV electrons of 50 ns, 500 ns or 2 µs duration. Pulses irradiated a sample contained in a 1 cm × 1 cm suprasil quartz cuvette held at a distance of approximately 12 cm from the electron beam window, where the beam diameter was approximately 1 cm. The transient changes in the absorbance of the solution caused by the electron pulses were monitored with the help of a collimated light beam from a 450 W xenon arc lamp. The output from the photomultiplier tube was fed through a DC offset circuit to the Y input of a L & T storage scope, which could transfer 400 mega samples/sec on each input channel at 250 ns/div time base range with a sensitivity of 2mV/div and having a bandwidth of 100 MHz. Further details of the LINAC are given elsewhere 19) . An aerated 0.05 mol dm -3 potassium thiocyanate (KSCN) solution was used for dosimetry and the (SCN) 2 -. radical was monitored at 500 nm. The absorbed dose per pulse was calculated assuming G.ε. for the (SCN) 2 -. radical to be 21520 dm 3 mol -1 cm -1 per 100 eV 21) , where G is the radiation chemical yield expressed as the number of molecules formed or destroyed per 100 eV of energy absorbed and ε is the molar absorptivity. The dose employed in the present study, unless otherwise stated, was approximately 16 Gy per pulse. However, lower doses of about 9 Gy/pulse were used for determining the formation rate constants, molar absorptivity and equilibrium constant.
One electron reduction:
To study the reaction of e aq -at pH 7, 0.1 mol dm -3 tert-butanol in a N 2 saturated solution was used as a scavenger for OH• according to the reaction
The resultant β-hydroxy carbon-centered radical of tert-butanol was observed to be unreactive. The G(e aq -) value at pH 7 was taken to be 2.7 from the literature 22, 23) . The extinction coefficient of the transients were calculated using the relationship
where ε P is the molar absorptivity of the parent molecule, OD (SCN) 2 -. is the absorbance of the thiocyanate radical at 500 nm and G R is the radiation chemical yield of the radical. .
Under the conditions employed, the radiation chemical yield 24, 25) , G-values, of alcoholic radicals and CO 2 -. were 6.0 and 6.8 respectively.
The reaction rates were determined by carrying out experiments with at least three different concentrations of solutes, varying by at least a factor of 4. The bimolecular rate constants were derived from plots of the first-order rates vs concentration. The reported rate constants are generally accurate to ± 15%. 
RESULTS AND DISCUSSION

Pulse Radiolytic Studies
The transient species followed by the one-electron reduction of the compound AK-2123 by CO 2 -. and the 2-propanol radical were studied in a N 2 O saturated aqueous solution containing 1.0 × 10 -4 mol dm -3 AK-2123, 0.1 mol dm -3 formate or 1.0 mol dm -3 2-propanol. The transient exhibits absorption in the wavelength range 280 -350 nm with a distinct absorption band at 290 nm (Fig. 1) . The spectral characteristics were similar to that observed in a reaction with e aq -in aqueous solution 26) . This shows that CO 2 -. and the 2-propanol radical reduce 
The formation of the transient was completed in 40 µs in the case of CO 2 -. and 27 µs in the case of 2-propanol radical. The bimolecular rate constants for one-electron reduction by CO 2 -. and 2-propanol radical were determined to be 2.0 × 10 9 and 2.3 × 10 9 dm 3 mol -1 s -1 , respectively, as measured by the growth in the transient absorption at 310 nm. The reason for choosing 310 nm was to avoid any overlapping with the ground-state absorption of AK-2123. .
Electron transfer between the thymine radical anion and AK-2123
It is well known that the radiation-induced cellular lethality is mainly a consequence of the damage to DNA. Of the different DNA bases, thymine is highly radiosensitive. Hence, the role of a radiosensitizer in enhancing the radiosensitivity of the living cells may be estimated from a study on a model system involving thymine damage. The mechanism by which electron-affinic compounds act as radiosensitizers has been proposed to involve the addition of O 2 or an electron-affinic compound to radical sites in DNA, and thereby fixing the damage to DNA [5] [6] [7] [8] [9] [10] . To verify whether intermolecular electron transfer is feasible between the thymine radical anion and AK-2123 we have studied the electron-transfer reaction between the thymine radical anion with AK-2123 at pH 7. The reduction of thymine was initiated by e aq -by irradiating solutions with a 200-fold excess in a thymine concentration over AK-2123 so that initially e aq -reduced thymine to its one-electron reduced intermediate which, in turn, reacts with AK-2123 by electron transfer. The decay of the thymine radical anion was followed at 350 nm. It was observed that the decay of the thymine radical anion was changed from bimolecular to pseudo first order in the presence of AK-2123 (Fig 2) and that the rate increased linearly with the AK-2123 concentration. The bimolecular rate constant obtained from the slope of the linear plot was 3.0 × 10 9 dm 3 mol -1 s -1
. This indicates that the energetics are favourable for electron transfer from the thymine radical anion to AK-2123. Due to an overlapping of the absorption band of the thymine-OH adduct with the AK2123-OH adduct, although it was not possible to calculate the rate, it seems that the reaction of the thymine-OH adduct with AK-2123 does take place. The results are similar to that observed earlier under steady state conditions 26) . It is worth mentioning here that the radiation-induced hydroxylation of thymine to form thymine glycol in a deoxygenated aqueous solution is promoted by various electronaffinic compounds 27, 28) and that it has been used as a radiation chemical measure to predict the effectiveness of electron-affinic compounds for hypoxic cell radiosensitisation.
Reactivity with oxygen
The reactivity of the AK-2123 radicals formed in one-electron reduction with O 2 was investigated by following the decay of the radicals at 310 nm. For this purpose, solutions containing 2.0 × 10 -3 mol dm -3 AK-2123 and saturated with N 2 O and air or N 2 O and O 2 , to have oxygen concentrations of either 2.0 × 10 -4 mol dm -3 or 1.0 × 10 -3 mol dm -3 , respectively, were used. It was observed that the decay rate of the AK-2123 radicals increased significantly in the presence of oxygen and was found to be first order in oxygen concentration. The oxygen quenching rate constant was calculated from the slope of a linear plot of the observed first- Figure 3 . The spectra recorded 8 µs after the pulse was mainly due to the contribution of the AK-2123 radical anion. It was observed that after 0.3 ms the growth of the absorption band at wavelengths < 300 nm may have been due to the contribution of the decay products of both the AK-2123 radical anion and the AK-2123 peroxyl radicals, because these radicals exhibit an absorption band at wavelengths < 300 nm 29) .
.
Sensitization of thiol depleted cells by AK-2123
The radiosensitisation efficiency of AK-2123 was tested on thiol depleted E. coli AB1157 cells to study the role of intracellular non-protein thiols in sensitisation by AK-2123. There exists two possibilities that AK-2123 can either deplete intracellular thiols of cells, or that it might sensitize the cells to radiation by mechanisms other than thiol depletion. It can be seen from Figure 4 that the treatment of cells with NEM produced some radiosensitization that was attributed to the depletion of intracellular non-protein thiols (which are natural radioprotectors). This treatment, itself, is expected to increase the sensitivity of the cells. When the thiol-depleted cells were irradiated with AK-2123, significant radiosensitization was observed. If AK-2123 sensitizes only by the depletion of thiols, thiol-depleted cells should show no radiosensitization by AK-2123. However, this was not the case. The result can be explained based on the redox property of AK-2123, as reported earlier for other radiosensitizers [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . It has been reported that AK-2123 enhances radiation-induced DNA strand breaks 18) .
Redox equilibrium reactions of AK-2123
The one-electron reduction potential of AK-2123 in aqueous solution has been determined using a pulse radiolysis technique [30] [31] [32] [33] [34] . The pulse radiolysis method can be used effectively for determining the one-electron redox potential of the substrate, it relies on the fast establishment of one-electron redox equilibrium between a reference couple R/R ) at pH 7. Under these conditions, the initially produced radicals were mainly from MV 2+ . In the absence of AK-2123, the MV +. radical was stable.
However, in the presence of AK-2123 its decay rate increased. It was also observed that decay at 578 nm was not only dependent on the concentration of MV 2+ , but also on AK-2123, confirming the reversibility of the reaction. The absorbances (OD eq ) at 578 nm were measured after 18-22 µs and corresponded to the equilibrium absorbance reached at ~ 20 µs after the pulse, and not the initial (end of pulse) absorbance. The absorbance (OD eq ) can be related to K as ) -E o (MV 2+ /MV +. ) = (RT/F)lnK = 0.059logK.
Using E o (MV 2+ /MV +. ) = -0.446V at pH 7 35) , the reduction potential of (AK-2123/AK-2123 -. )
at pH 7 was estimated to be -0.33 ± 0.02 V vs. NHE. The one-electron reduction potential of AK-2123 in water is somewhat lower than other nitroimidazole radiosensitizers (-0.38 to -0.50 V) 7, 8, 31, 36) . The reduction potential of AK-2123 calculated by voltametric measurements in DMF yielded an estimated half-wave potential of -1.12 V vs. the Ag/AgCl electrode 1) . Neglecting any effect of liquid-junction potentials, this value corresponds to -0.89 V on the hydrogen scale (vs. NHE). We attribute this difference to a solvent effect, because it is known that the reduction potential shows a marked difference from one solvent to another.
